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Objective: Common radiological measures of osteoarthritis (OA) relate poorly to symptoms as experienced
by patients. We created a statistical model of shape and density to see if Dual Energy X-ray (DXA) images of
the hip contain symptom-related information that is not captured by common radiological measures.
Methods: DXA images of the hip were made in a prospective study of patients that met the American
College of Rheumatology (ACR) criteria for hip OA. From the DXA scans, we constructed a statistical
model of the appearance (shape combined with density) of the proximal femur of left and right side. The
model yields a number of independent descriptors of the appearance (modes) which we related to
various measures of radiological and clinical OA. These outcome measures were deﬁned using Joint Space
Width (JSW), Kellgren and Lawrence (KeL) scores, Visual Analogue Scale (VAS) and Western Ontario
MacMaster Universities (WOMAC) pain scores and a self-reported global assessment score.
Results: Various modes showed signiﬁcant relations with measures of OA. Interestingly, the modes that
related well with radiological OA did not relate to clinical OA and vice-versa. Moreover, the modes were
predictors of status and progression of clinical OA, independent from JSW and KeL.
Conclusion: Statistical modeling of the appearance captures the patterns of variation in projected femoral
morphology as visible on DXA images. We showed that these descriptors of subtle aspects of shape and
density of the hip contain information about clinical status which common radiological measures do not.
The presented results warrant further careful study of the method as a monitoring tool in clinical trials.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
One of the issues that research on osteoarthritis (OA) is faced
with is the poor predictability of development and progression of
the disease. Related to this issue is that some difﬁculties exist in
deﬁning OA. Exemplary is the distinction made between radio-
logical and clinical OA. Radiological OA is assessed through (semi)
quantitative measures reﬂecting changes in the joint that can be
seen on Magnetic Resonance Imaging (MRI) and X-ray images.
Clinical OA refers to those aspects of the disease that are experi-
enced by the patient, like pain and functioning, which are quanti-
ﬁed through self-reported measures.
Radiological OA only poorly relates to clinical aspects of OA,
especiallywhen radiological changes aremild tomoderate1,2. This is
rather puzzling since it seems only logical that the degeneration ofto: J.H. Waarsing, Dept. of
Dr. Molenwaterplein 50, 3015
aarsing).
s Research Society International. Pjoint tissues as can be seen on radiological images should somehow
be related to how the patient experiences the disease process.
Explanations of this phenomenon range from the inﬂuence of
psycho-social factors to methodological issues that might confuse
study results. Another possibility is that common radiological
measures might not be sensitive enough for relevant changes to
reveal the association between clinical and radiological features.
Previously we have shown that the shape of the femoral neck as
apparent on X-ray images was different between subjects that were
to develop radiological OA of the hip and subjects that were not3.
Thus radiological aspects can be detected on X-rays before classical
measures of radiological OA show the development of the disease.
Geometry of a joint on radiological images is commonly quan-
tiﬁed through predeﬁned measures, typically lengths and angles.
Besides the difﬁculties of ﬁtting such a deﬁnition to individual
images, these measures are highly correlated and might not
measure what would be relevant. An alternative is to quantify the
general shape as apparent on radiological images through statis-
tical appearance models4. These models describe the patterns that
exist within the variation in shape and density present in a pop-
ulation. They result in a number of quantitative measures (modes)ublished by Elsevier Ltd. All rights reserved.
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geometry. For example, one mode could be a measure of the
general appearance of a femur, ranging from broad and strong
looking to long and slender, while another mode could be
a measure of variation in the neckeshaft angle or variation in local
bone density in the femoral head.
In the present study we have created statistical appearance
models, combining shape and density of the proximal femur
measured from dual energy X-ray (DXA) images in a population of
patients with established OA. Our aim was to investigate if such
a novel image analysis approach yields more relevant information
than classic radiological measures. We speciﬁcally investigated if
radiological aspects of shape and density could be identiﬁed that
related with status and progression of clinical hip OA.
Methods
Study cohort
The data in this study is part of a randomized controlled trial,
consisting of patients with general mild OA symptoms5. Patients
were recruited at general practices in the Rotterdam area, when
they met one of the American College of Rheumatology (ACR)
criteria for hip OA6, see Table I. Patients were excluded when they
received or when they were waiting for a total hip replacement
(THR) or when they had a KeL score of four in either hip. We
included 222 patients who were followed for 2 years. We excluded
DXA scans of the left or right side in which parts of the proximal
femur were not imaged well.
Radiological and clinical measures of OA
Weightbearing, Anterior-Posterior (AP) pelvic radiographs were
taken at baseline and 2-year follow-up with the feet ﬁxed at 15
internal rotation using a standardized protocol7. From these images
KeL scores and minimal Joint Space Width (JSW) were derived. All
patients ﬁlled in questionnaires fromwhich clinical measures of OA
were derived. We used the Western Ontario MacMaster Universi-
ties (WOMAC)8 and the Visual Analogue Scale (VAS) to measure
pain during the past week. These measures were collected every 3
months during the 2 years follow-up period. We also used a ques-
tion regarding patients’ global assessment as compared to baseline
(Self-Reported Change: SRC), which was collected every 6 months
during the follow-up period. The WOMAC pain and the VAS pain
are presented as normalized scores (0e100, 0 equals no
complaints). The patients’ global assessment scorewas a ﬁve -point
Likert scale score (1¼ greatly deteriorated, 5¼ greatly improved).Table I
ACR criteria for hip OA
1 Hip pain and one of the following:
 Hip internal rotation < 15 AND
ESR*  45 mm/h (or if ESR is not available: hip ﬂexion  115)
 Hip internal rotation  15 AND
pain on internal rotation AND
morning stiffness of the hip  60 minutes AND
age > 50
2 Hip pain and at least two of the following:
 ESR< 20 mm/h
 Femoral or acetabular osteophytes
 Joint space narrowing (superior, axial and/or medial)
3 Hip pain and at least one of the following:
 Femoral or acetabular osteophytes
 ESR< 20 mm/h ANDaxial joint space narrowing
* Erythrocyte sedimentation rate.DXA imaging
At baseline and ﬁnal assessment, DXA images were taken of the
pelvic area (Lunar DPX, Lunar GE, USA). During imaging, the
subjects were lying down with their feet positioned alongside
a frame to ensure 15 internal rotation of the hips. The images were
split into two images of which each contained either the hip of the
left or right side. To be able to create one statistical appearance
model for both sides, the images of the left hips were mirrored
along the vertical axis such that they appeared to be images of the
right hips.Statistical appearance models
Statistical appearance models were created from the proximal
femur in the DXA images of both hips using the freely available ASM
toolkit (Manchester University, Manchester, UK)4,9. The models
were created by placing a contour consisting of 23 points around the
proximal femur, starting at the proximal endof the lesser trochanter,
and ending at the cortexon the opposite side of the lesser trochanter
(Fig. 1). The lesser trochanter and the shaft were excluded from the
model since these were not visible on most images. We did not
model the acetabulum since the relatively lowDXA resolutionmade
identiﬁcation of the acetabular roof unreliable.
After annotating the images, all contours were overlaid using
the mathematical center and all contours were scaled and rotated
to obtain an optimal ﬁt. Finally, through principal components
analysis, the contours and the density of the bone sampled from
within the contours (together referred to as the appearance) were
recombined into independent components of variation referred to
as modes. Each mode represents a speciﬁc pattern of variation in
appearance as exists within the study population. Numerically this
is expressed as normalized values, of which 0 denotes the mean
appearance and positive and negative values denote opposite
directions in the range of variation around the mean appearance.
We retained enough modes to explain 95% of the variation in
appearance of the study population.Statistical analysis
Univariate analysis
Various univariate linear regression models were constructed to
test the relation of each appearance mode with status andFig. 1. The appearance model is constructed by placing a contour around the proximal
femur consisting of 23 landmark points.
Table II
Patient characteristics at baseline
Characteristic All patients (N¼ 218)
Age in years, mean (SD*) 63.5 (9.0)
Gender, woman, % 69.3
BMIz, mean (SD) kg/my 27.9 (4.5)
Duration of complaints, %
<1 year 11.9
1e3 years 34.4
>3 years 53.7
Kellgren & Lawrence, %
¼1 52.3
2 47.7
OA, %
Localized 38.5
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correlations between sides and/or between baseline and follow-up
were taken into account using Mixed Models for the continuous
outcomes or Generalized Estimating Equations for the dichoto-
mized outcomes. We used two outcome measures of radiological
OA: KeL scores> 1 and JSW< 1.5 mm. To represent clinical OA we
used VAS and WOMAC pain scores. Radiological progression was
deﬁned as a decrease in JSW from baseline to follow-up ( Joint Space
Narrowing: JSN) of more than 20% and clinical progression as
changes in VAS and WOMAC scores from baseline to follow-up, as
well as the SRC in global assessment compared to baseline (SRC:
deterioration of complaints¼ 1, no change or improvement¼ 0).
The pain scores from the questionnaires exhibited large vari-
ability over time within each patient. We assumed that this varia-
tion, whether due to natural variability in pain or to other ‘random’
effects, would confound an underlying disease status and therefore
decided to use an average of three consecutive time points. For
status we averaged the ﬁrst three time points (baseline) and the last
three time points (follow-up), for progression we took the differ-
ence between the average of the ﬁrst three time points and the last
three time points. To assure normality, the pain scores were logit
transformed before averaging. Logit transformations can be used
to transform proportional data into a normal distribution:
ln ðy=ð1 yÞÞ:
When the interaction between the appearance measure and the
side/time point was signiﬁcant, we analyzed the model for each
side/time point separately.
To account for the many univariate tests we performed (240 in
total), an effect was considered signiﬁcant when the P-value was
lower than 0.005, though all effects with a P-value smaller than
0.05 were reported. At a signiﬁcance level of 0.005 the chance that
at least 1 of the 240 tests would give a false positive was 70%, while
the chance of more than 3 false positives was only 5%, which we
considered reasonable for an explorative study.
Multivariate analysis
To compare the strength of the appearancemodes for describing
clinical OA with the strength of classical radiological measures
(KeL, JSW) we constructed multivariate models using the various
measures of status and progression of clinical OA as outcome
measures, and the appearance modes that showed a univariate
relationwith these outcomemeasures combinedwith KeL and JSW
as independent variables.
For each clinical outcome measure we constructed three
models. The ﬁrst contained only the radiological measures (KeL
and JSW) as predictors. In the second model the relevant appear-
ance modes were added. In the third model the radiological
measures (KeL and JSW) were removed. The contribution of the
different predictors was investigated by changes in R2.
All statistical analyses were performed using SAS 9.1 (SAS
Institute Inc., Gary, NC, USA) and SPSS 16.0 (SPSS Inc., Chicago, IL,
USA).Generalized 61.5
Bilateral 47.7
Unilateral 52.3
JSW, mean (SD) 2.23 (0.99)
WOMACz, mean (SD)
Pain 34.1 (23.3)
Function, mean (SD) 34.9 (22.9)
Stiffness, mean (SD) 42.5 (25.3)
VAS** pain, mean (SD 32.4 (26.0)
* SD: standard deviation.
y BMI: body mass index.
z WOMAC: Western Ontario MacMaster Universities.
** VAS: Visual Analogue Scale.Results
Included patients
A total of 222 patients were enrolled of which 207 (93.2%)
completed the trial. We included DXA scans of 218 patients in this
study, though of 161 patients we included a complete set of DXA
scans (both sides at baseline and follow-up). Of 19 patients we did
not include the baseline scans of one or both sides and of 44
patients we did not include the follow-up scans of one or bothsides. From the 218 patients included in this analysis, 16 received
a THR before follow-up. The baseline characteristics of the 218
patients included in this study are summarized in Table II.Statistical appearance model
The resultant model contained 30 modes of variation that
together described 95% of the total variation in appearance. Mode 1
described 23% while mode 30 described 0.2% of the variation. The
highest modes generally described overall variation in shape, while
the lowest modes described subtle variation in density, mainly in
the femoral head.Univariate analysis
Many modes (18 out of 30) showed a relation with the deﬁned
OA measures, though most relations were only mild and were not
considered signiﬁcant (Table III for status of OA; Table IV for
progression of OA). Apart from four non-signiﬁcant exceptions
(modes 11, 14, 25 and 27), none of the modes that related to
radiological OA showed a relation with clinical OA and vice-versa.
A number of modes that gave signiﬁcant relations with the
outcome measures or that were otherwise remarkable are high-
lighted textually in Table V and visually in Fig. 2.Multivariate analysis
The various models were only able to explain a small part of the
variance in the clinical OA outcome measures (ranging from 6 to
13%, Table VI). However, all the explanatory power was solely due
to the appearance modes. The classical radiological measures for
OA (KeL and JSW) were far from signiﬁcant in the various models
(Table VII) and did not contribute to the explanation of any of the
outcome variables.
The only exceptionwas the model for prediction of SRC in global
assessment SRC. In this model KeL had a small but signiﬁcant
Table III
Univariate analysis for OA status: sign of estimate of each mode with corresponding
P-value
Modes Status of radiological OA Status of clinical OA
JSW 1.5 KL> 1 VAS pain WOMAC pain
M03 0.01z 0.036z
M04 0.04*
M06 0.02y 0.0007y
M07 þ0.036
M08 0.003**
M10 0.019
M11 þ0.0015**
M14 0.03* 0.049 0.019
M15 0.024
M18 0.0013**,z
M22 þ0.03
M23 þ0.0001* þ0.045*
M25 þ0.049z
M27 þ0.019y
M29 þ0.028
M30 þ0.016* þ0.03
The P-values denote an effect independent of side and time point, unless otherwise
indicated.
* Most affected side only.
** Least-affected side only.
y Baseline only.
z Follow-up only.
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ance mode (mode 24).Discussion
In this study we constructed so-called statistical appearance
models. These models yield a number of measures or modes that
together describe and quantify the complete appearance of the
proximal femur in DXA images. Appearance in this case refers to the
combination of the shape or outline and the density distribution
within the shape of the proximal femur. Since a DXA image is the
2D projection of a 3D object, the density that can be measured in
DXA images is not only the reﬂection of bone mass, but also of the
form of the bone in three dimensions. Themodes of the appearance
model capture how both form and density vary together and give
thus a better description of the ‘true’ femur than 2D shape alone. It
is, however, difﬁcult to describe what aspects of the appearance
each speciﬁc mode represents. A mode does not just capture ‘one
thing’ but is a combination of sometimes very subtle differences
between femurs. At the same time this is the power of the method,Table IV
Univariate analysis for progression of OA: sign of estimate of each mode with
corresponding P-value
Modes Progression of radiological OA Progression of clinical OA
JSN> 20% SRC VAS WOMAC pain
M3 e e 0.0083 e
M4 0.012y e e e
M11 e e 0.019 e
M21 e e 0.033 e
M22 0.01y e e e
M23 þ0.0002* e e e
M24 e þ0.0015 e e
M25 þ0.0018 e e e
M27 e e þ0.044 e
M29 e e þ0.023 e
M30 þ0.026 e e e
The P-values denote an effect independent of side, unless otherwise indicated:
* Most affected side only.
y Least-affected side only.since it captures variations in femur geometry and mass that are
not easily deﬁned by pre-thought-of measures.
Several of the modes related to radiological and clinical aspects
of OA. Interestingly, the modes that related well with radiological
OA, related poorly to clinical OA and vice-versa, which corresponds
to the idea that radiological OA relates poorly to clinical OA.
Moreover, the multivariate models in which the explanatory
strength of the classical radiological OA (KeL and JSW) measures
were compared to the strength of the appearance modes, showed
that the appearance modes were superior in explaining status and
progression of clinical OA. JSW did not contribute at all to the
models, while KeL only contributed to one measure of clinical
progression. These results could indicate that classical measures of
radiological OA lack sensitivity for arthritic changes and somehow
miss aspects of the affected hip joint that relate with clinical
symptoms. Another explanation concerns the fact that classical
radiological measures look at pathological alterations in the joints,
while the appearance modes reﬂect absolute aspects of the joint
and thus also describe the normal variation in joint geometry that
exists within the population. Possibly, the modes that relate with
clinical OA reﬂect joint geometries that are more prone to pain
when OA is present.
In general, the variation in appearance that associate with OA
are not necessarily the consequence of the OA process, but might
point to anatomical aspects that predispose a joint to OA, or might
cause a joint to rapidly progress when the disease is present. These
aspects can roughly be subdivided into three categories, (1) relating
to bone mineral density, (2) placement of the femur into the
acetabulum and (3) femoral morphology.
The literature on bone mineral density (BMD) and OA of the hip
is seemingly conﬂicting and rather confusing. One issue concerns
the suggestion of an inverse relation between osteoporosis and OA,
reviewed by Stewart et al.10. Some recent suggestion is that the
ﬁnding that people with OA have higher bone mass might partly be
explained by a difference in bone size and shape rather than bone
density itself11,12. Another issue concerns the effect the disease has
on bone mass of the affected site. Typical is subchondral sclerosis,
one of the radiological hallmarks of OA13. Some studies report
a local increase in BMD of the hip in patients with progressing
OA14,15, while one study reports a thickening of the load bearing
trabeculae but a general loss of trabecular number in the femoral
head, which the authors refer to as ‘local osteoporosis’16. Since the
appearance model only describes variation in relative distribution
of BMD within the femur, our results cannot add to the question
whether OA is associated with local or general higher BMD. Most of
the OA modes that described variation in BMD (modes 14, 18, 23
and 24), show a shift in distribution, resulting in lower BMD
especially in the head and neck region. This could correspond with
a medial shift in the mass centroid position in the neck reported
previously17 or perhaps reﬂect localized bone loss due to unloading
of the affected limb.
Theway the proximal femur is positioned inside the acetabulum
has been shown to inﬂuence development of OA. Acetabular
dysplasia has been shown to be a strong predictor of development
of OA18,19, though this association was not found in a population of
Sami20. Acetabular retroversion, another form of dysplasia, char-
acterized by deﬁcient anterior coverage of the femoral head has
been associated with OA as well21,22. Retroversion is recognized on
AP X-rays by the so-called cross-over sign, which arises when the
retreated anterior coverage line of the acetabulum crosses the
posterior line. Modes 6,14 and 25 contained aspects that resembled
variations in placement of the head inside the acetabulum.Mode 14
links a more vertical acetabular coverage line with pain and loss of
function. A vertical coverage line could result in mild dysplasia.
Mode 25 is interesting since it associates strongly with progression
Table V
Major characteristics of the modes that represent patterns of variation in appearance that were associated with OA (see also Fig. 2). The characteristics are presented as
opposites that correspond to low and high numeric values of a mode
Mode nr. Description of the range of variation
Mean
Lower values Higher values
3  broad short neck
 small neck angle
 high density in posterior head
 long narrow neck
 big neck angle
OA: Lower values associate mildly with pain (VAS and WOMAC) at follow-up and are a predictor for VAS pain (P< 0.009)
6  Deep placement of the head inside the acetabulum
 Pronounced curvature of superior neck
 Shallow placement of head inside the acetabulum
 Gradual curvature of superior neck
OA: Lower values associate with VAS pain (P< 0.05) and WOMAC pain (P< 0.001), only at baseline
8  Stretched, ‘elegant’ shape
 Protruding head
 Small greater trochanter
 Compact, ‘stocky’ shape
 Flattened head
 Large greater trochanter
OA: Lower values associate with low (JSW) at follow-up, at the least-affected side (P< 0.005)
11  Gradual curvature of superior neck
 Head is placed high relative to neck
 Load carrying trabeculae in neck appear more distinct
 Pronounced curvature of superior neck
 Head is placed low relative to neck
OA: Higher values associate with high KeL scores (P< 0.002) at least-affected side
14  Low bone density in the neck
 Vertical running acetabular coverage line
 High bone density in the neck
 Inclined acetabular coverage line
OA: Lower values associate mildly with clinical OA (P< 0.05), though both for pain and function
18  Stretched appearance
 Low bone density in neck and trochanteric area
 Compact appearance
 High bone density in neck and trochanteric area
OA: Lower values associate with a low JSW (P< 0.002)
23  High bone density in superior head and neck
 Unclear acetabular coverage line
 Low bone density in superior head and neck
 Clear acetabular coverage line
OA: Higher values associate strongly with a low JSW (P¼ 0.0001) and is a predictor of JSN (P¼ 0.0002)
24  High bone density in the head relative to the neck and trochanteric area  Low bone density in the head relative to the neck and trochanteric area
OA: Higher values associate strongly with worsening of self-reported symptoms (SRC: P< 0.002)
25  Deep placement of the head inside acetabulum
 Straight acetabular coverage line
 Narrow placement of the head inside acetabulum
 Curved acetabular coverage line
OA: Higher values are predictive for JSN (P< 0.002)
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coverage line, which strikingly resembles acetabular retroversion,
associates with joint space narrowing. Mode 6 is a bit odd, since it
links deep placement, not narrow placement, of the head inside the
acetabulum with pain at baseline. Perhaps this mode reﬂects pro-
trusio acetabuli, a progressive condition in which the femoral head
sinks deeply into the acetabulum, which is associated with the
development of OA23.
Hip OA often seems to occur in the absence of a systemic
arthritic process and it has been suggested that the majority of hip
OA is caused by abnormalities in hip morphology24,25. When the
shape of the femoral head deviates from being spherical, such that
the femoral head and neck resemble a ‘pistol grip’, the proximal
femur will impinge with the acetabulum which is thought to
eventually result in cartilage damage and OA26,27. Apart from being
a causal factor for OA, the shape of the proximal femur is itself also
altered by the osteoarthritic disease process. Typical is the forma-
tion of osteophytes, which in a progressed formmight even change
the shape of the superior neck and head such that it will resemble
a pistol grip deformity28. Variation in the femoral neck itself has
also been associated with OA. For instance, patients with OA have
a wider femoral neck17,29. Due to the biomechanical consequences,
variation in the neckeshaft angle has been thought to inﬂuence
development of OA as well. However, studies report no inﬂu-
ence17,30, smaller angles31 and bigger angles26, though the latter
study indicates that while the angle increases during OA, the
smaller angles are a risk factor for OA.
The results of this study show that many modes that relate with
OA show some variation in femoral morphology. However, formany modes these variations are rather subtle with respect to the
other changes in appearance reﬂected by those modes. For
a number of modes the variations in shape are more distinct
(modes 3, 6, 8 and 11). Mode 3 links a broader neck and a lower
neckeshaft angle with the presence of pain. Though this corre-
sponds to previously reported results17,29,31, this modemight reﬂect
the effect of rotation on the projected femur, either due to an OA
related increased anteversion angle30 or to a limitation in internal
rotation due to pain. Mode 6 links a pronounced curvature of the
superior neck to pain. This appears contrary to previous studies
that link a more gradual head/neck transition to radiological OA3,32,
making it likely that the pain is more associated to the deep
placement of the head into the acetabulum than the curvature of
the neck itself. Mode 8 on the other hand associates a gradual
curvature of the neck and protruding head with a low JSW. This
shape variation is similar to the previous reported variation in
shape of the superior neck3,32 and will result in a smaller head to
neck ratio and a non spherical head linking this shape aspect to
(mild) cam impingement26. Mode 11 again describes a pronounced
curvature of the superior neck and some offset of the femoral head
relative to the neck, which is related to higher KeL scores and could
reﬂect the presence of osteophytes.
The wide variation in shape and density reﬂected by the modes
that relate with OA might very well point to different types of OA
and/or to different causative factors for OA existent within the
cohort used for this study. It would therefore be interesting to relate
these modes not only to KeL score and JSW, but to more speciﬁc
radiological features like cysts, bone edema, femoral or acetabular
osteophytes, etc. Another option would be to relate the modes to
Fig. 2. Visual display of the various appearance modes that showed an interesting relation with OA. Of each mode a visual representation of the extremes of the range of variation
are given (2 and þ2 times the population standard deviation). Changing features within each mode are indicated by lines and arrows.
J.H. Waarsing et al. / Osteoarthritis and Cartilage 18 (2010) 787e794792different classiﬁcations of hip OA33, for instance atrophic vs
hypertrophic and destructive OA, or to the direction of migration of
the femoral head. Appearance analysis might then be used to see if
a bone shape or density related factor exists behind the ﬁndings
that OA progressesmore rapidly at the presence of an atrophic bone
response or of a superolateral migration of the head34.
An important issue to consider is the effect of rotation of the
femur on the projected images. Even when using standardized
protocols, anatomical variation in pelvis and femur results in
femoral rotation and pelvic tilt that inﬂuence the projected image.
The consequence is that much care should be taken before
formulating conclusions on measured geometric variation. Statis-
tical appearance analysis, has the potential to separate the effects ofTable VI
Percentage of variance explained by the several multivariate models of clinical OA
Status Progression
VAS WOMAC SRC VAS
Model R2 P-value R2 P-value R2* P-valuey R2 P-value
1 0.007 0.51 0.02 0.23 0.093 0.053 0.24 0.62z
2 0.13 0.002 0.06 0.035 0.225 <0.001 0.32 0.001
3 0.12 0.13 0.05 0.23 0.142 0.06 0.32 0.53
Model 1: enter classical radiological predictors (KL, JSW).
Model 2: enter relevant modes from appearance model.
Model 3: remove classical radiological predictors.
P-value indicates signiﬁcance of the change in R2 value compared to the previous
model.
* Nagelkerke R2.
y For these logistic models, the P-values correspond to the Log-likelihood ratios of
the current and previous model.
z Model 0 in this case is a model with only VAS at baseline as predictor.rotation from the variation in ‘true’ shape into distinct modes, since
changes in projected shape features caused by rotation are strongly
correlated. However, in this study we cannot tell which modes
reﬂect positional variation and which modes reﬂect pure variations
in shape. This is partly caused by the fact that some important
features that vary due to rotation, like the lesser trochanter, were
absent or poorly visible on these DXA images. Future studies on
appearancemodeling should address this issue to see if the method
truly separates rotational from morphological variation. On a side
note, rotation does not necessarily result in ‘random’ measurement
error. For instance, rotational effects due to the anteversion angle
and interactions of acetabular and femoral shape do containTable VII
Multivariate analysis of status and progression of clinical OA (P-values)
Status Progression
VAS WOMAC SRC VAS
KL 0.63 0.13 0.027 0.33
JSW 0.97 0.60 0.84 0.28
M3 X X X 0.035
M6 0.02 0.008 X X
M7 0.35 X X X
M10 0.005 X X X
M11 X X X 0.018
M14 0.29 0.18 X X
M15 X 0.47 X X
M21 X X X 0.025
M24 X X 0.006 X
M27 0.002 X X 0.035
M29 X X X 0.32
Modes denoted with ‘X’ were not included in the concerned models.
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progression of OA.
A limitation of this study, as with any other cohort study on OA,
is the problem of deﬁning OA and especially progression of OA. The
cohort used in this study consisted of subjects with generally mild
OA status at baseline that were followed for 2 years, a period that is
rather short for progression of OA35. Sixteen of the included
subjects received a THR during the study period, while of the
remaining subjects only four subjects showed a joint space nar-
rowing of more than 1 mm. For these reasons we chose not to use
THR as an endpoint for progression. Though we did ﬁnd a signiﬁ-
cant association (mode 14), a longer follow-up would be needed to
make reliable statements on the progression to THR.
Deﬁning clinical OA is another issue in itself. In the current
cohort pain questionnaires were taken every 3 months and this
revealed a large variation in pain over time. The consequence is that
many subjects that would be considered progressive when taking
the ﬁrst and penultimate time point would not be considered
progressive when the second and ultimate time point would be
taken, showing that a large part of any group of clinical progressors
depends on pure chance. We attempted to reduce the variation by
averaging the ﬁrst three and last three consecutive measurements.
The analysis of the appearance of the proximal femur on DXA
images proves to be interesting with respect to OA. The statistical
appearance models provide a general and rather complete way to
capture the total variation in both form and bone density of the
proximal femur, more than shape alone. We have shown that such
an analysis yields radiological information that is related to clinical
symptoms, which is not described by classical measures of
radiological OA like the KeL score or minimum JSW. Moreover,
several modes showed to be predictive of radiological or clinical
progression. Though further efforts are needed in investigating the
methodology itself and to apply statistical models of appearance to
larger cohorts, the approach and results presented in this study
indicate a new or additional direction in OA imaging36. Future
studies will show if appearance models can become useful in
clinical trials to monitor disease progression.
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